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PREFACE 

This report has twen generated under the terminal ballistic analysis portion of Project 
25490313. It is, in t.'sscnce, an extension of a clo;ed breech gun interior ballistic analysis 
reported in Air Force Armament Laboratory Technical Report AFATL·TR-69-42 (~ee 
Reference l). The computer algorithm was developed by Otto K. Heiney, Captain, USAFR, 
'.IS part of the duties associated with the Air Force ResPrve mobilization program. 
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SECTION I 

INTRODUCTION 

This report presents a first order mathematicai .nodel of the interior ballistics of two·stage 
iight gas guns. The model and experimental data are presented for a helium system, but con· 
ceptually, any driver (jas can be used it the thermodynamic properties are known. 

Section II desrribes the models of the combustion chamber, the pump tube, and the 
launch tube, as well as the mechanism of coupling between the chambers. The results of the 
analysis (Equations 11, 20, and 24) are ir. an .ncremental forrn specifically tailored for digital 
machine computation. 

The computer proQram generated from the analysis is listed in Section Ill, along with 
samples of input and output data, a~ well as a test case. 

Section IV illustrates the comparison of experimental to analytic data fit and discusses 
the particular experimental system utilized to verify the generated mathematical analysis. 
The an<Oiytic approach u-;ed is essentially heuristic. During this effort, engineering simplicity 
has been selected o\ler mathematic.;al elegance. The vague or undefined lumped parameter 
constant approach has b~en avoided as much as possible. 

5 
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SECTION II 

ANALYSIS 

1. SYSTEM DESCRIPTION 

The I ight gas system used to generate and calib~ate this mathematical model is shown 
schematically in Figure 1 This system is a typical two-stage light gas gun wh1ch uses helium 
as tr.n working fluid. T!1e mechanism of operation is to burn gun propellant in the combustion 
chamber until a pressure is generated (around 900 psi) which, for this device, will shear the 
restraining ring on the piston and allow it to travel into and compmss the heli•Jm gas on the 
pump tube Stilqe. The gas being compressed eventually reaches a much higher pressure than 
the driver g~s. due to the inertia of the relatively heavy piston traveling at a velocity 0f 
approximately 2,000 ft/sec. This pump tube gas is compressed until it reaches a pressure 
adequate to shear the restraining mechanism on the propelled payload. The projectile is then 
accelerated at high velocity down the evacuated launch tube, utilizing the very low pressure 
gradient decrement associated with the low molecular weight of the light gas. The simplified 
heuristic mathematical analysis of the physical phe.,omena occuring in the system is discussed 
in the following paragraphs. Table 1 defines the symbols used in the m1thematic analysis. 
Figure 2 illustrates the experimental launcher system used, and Figure 3 shows the target area 
and target evacuation system. 

'2. COMBUSTION TUBE ANALYSIS 

The $Oiution for the combustion tube, or propellant burning side of the device, is through 
a standard gun ballistic approach similar to that given in Reference 1. 

The energy balance for this section will be 

( 1) 

Where 

E1 is the energy put into the system by combustion of the solid propellant. 

E2 is the transiat;onal energy of piston. 

E3 is the heat loss to wails. 

E4 is the energy required to accelerate unburned propellant and combustion gases. 

The chemical energy generated will be 

(2) 

Reference: 
1. Heiney, 0. K., Analytic and Experimental Interior Ballistics of Closed Breech Guns 
Air Force Armament Laboratory AFATL-TR-69-42, May 1969 (Unclassified). ·' 
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TABLE 1. LIST OF SYMBOLS USED FOR MATHEMATICAL ANALYSIS 

Bore <Hea of combustion chamber 

Acceleration of piston 

"s Flore area launch tube 

Acceler<Jtion at payloac..l 

c.., Sf)ecific heat of gas at constant volume 

Total mass of gun propellant 

Force 

g Acceleration value of gravity 

Impetus of propellant 

Pseudo·mass of compres~ion piston 

Mass of compression oiston 

Molecular weight of light gas 

Mass of propellant burned 

Mass of payloac..l 

Mass of pump tube gas charge 

Pressure in combustion chan 1ber 

Pressure in pump tube chamber 

Net actio:1 pressure on compression piston 

Pressure at projectile base 

Universal gas constant 

Linear propellant burning rate 

Burning surface of propellant 

t Time 

10 



Vp 

'I 

l'p 

TABLE 1. CONCLUDED 

Gun propellant <JaS temperature 

Gas temperature in ptlll'P tulle 

lsochoric flame temperature of propellant 

Voll..;r,w of pump tube chamber 

Velocity of cornpressic.1 pi~ton 

Initial volume of propellant chamber 

Paylo<.ld velocity 

Referen::e distance to cornpres-;ion piston 

Payload distance reference 

Heat loss factor combustion chamber 

Heat loss factor pump tube 

Gun propellant gas density factor 

Density of propellant 

Specific heat ratio of combustion ~]ases 

Specif heat ratio of light gas 

11 
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The translational energy of payload will be 

(3) 

The heat loss of the gases is proportional to the distance traveled, which is roughly pro­
portional to the square of the veloc1ty {Reference 2). This heat loss can then be approximated 

(4) 

Using a Kent form solution !Aefer:mce 3) with high velocity mooifications for the energy 
contained in the accelerating gases and unbumcd propellant, the following approximation can 
be obtained: -

Cw 2 -- v 
2 g·~ c 

(51 

In this equation, o equals 3 at !ow velocities but increases at high velocities because the density 
distribution becomes lcs~ uniform. This effect, and the variation of (\ with payload velocity, 
is discussed in Reference 4. 

An effective mass may be defined as 

Then 

cw 
m = ma + - .. -

a 9'' 

The term r is defined by 

R F 
('y • 11 = -- = B 

c cv cvTo 

References: 

(61 

(7) 

(8) 

2. Hirschfelder, Kershner, and Curtiss, Interior Ballistic~. Volumes I and II. NDRC Reports 
A-142 and A-180, February and April 1943, (Declassified). 
3. Kent, R. H.: "Some Special Solutions for the Motion of the Powder Gas," Physics 7, 1936. 
4. Heiney, 0. K.: "A New Computer-Oriented Formalism for Gun Ballistics," Proc~cings 
3rd ICRPG-AIAA Solid Propulsion Conference. Volume I, 3-5 June 1968 (Confidential). 
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Then, from Equations (2). (71. and (8) 

(9) 

The temperature ratio is eliminated by the introduction of the equation of state to give 
the basic ballistic equation for the propellant combustion cr.dmber. 

( 1 0) 

The following differential form of Equation (10) is more convenient 'for incremental 
computation: 

dPc (Vp +A X)= dmN_ FB. (Y. -1) (1 + {J )m dvc dXc . PLA dXc (11) 
dt c c dt c c a dt dt ' dt 

Equation ( 11 ), coupled with the expressions for propellant burning rate and those describing 
the motion of the pro ectile, prov1des a complete solution for the combustion chamber. The 
expression for gas gem ration is then 

dmN 
-- = rS6 Pp 

dt 
( 12) 

where s8 is the total exposed propellant burning surface, P p is the density of the propellant, 
and r is the linear burning rate of the propellant. This burning rate is a non-linear function 
of the C<'mbustion chamber pressure; thus, the r vs. P data must be (ead into the computer in 
tabular form. · 

The equation of motion for the compression piston is derived from a simpf~ force 
balance: 

F = PNAc = m8ap 

dvc Ac(P c • PLI 
~=ap ms 

13 
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The preceding discussion provides the solution for the pres<"Ure on the combustion side, 
while the following discussion develops the solution for the pump tube. The solutions are 
quasi independent and coupled only through piston motion. 

3. PUMP TUBE ANALYSIS 

The solution starts with an equation of state for this chamber; 

( 14) 

Then taking 

(15) 

and differentiating gives 

dPL --~ + -~ dVA = nLCV ~ 
dt 'Y L - 1 'Y L · 1 dt dt 

( 16) 

Equation ( 16) is a differential energy equation for this system. Collecting terms and including 
a term for the work performed by payload projectile acceleration gives· 

(17) 

Consider the last terr·· with ms (handled as for the combustion on tube analysis! as a 
combination of the launched payload sabot and projectile weight plus a varying fraction of the 
compressed gas mass. The advantage of the use of helium for the working fluid is apparent 
here. Figure 4 gives the value of this variable (gas density gradient factor (n as a function of 
projectile velocities, with nL being the charge of helium on the light gas sidr:. 

, - nl ms- ms.,. --­.,g 

After including {3 2, the result for this term is 

This gives, finally, the basic differential pressure equation: 

14 
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Figure 4. Gas Density Factor. as a Function of Velocity 
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~~. __ Pl A - dXs ( 1)(1 +n ) 
. y L . ''2 msvs dt 

dt VA 5 dt 
(20) 

The result of Equation (2) is then coupled with the results from the combustion chamber 
analysis. Also, required is the following relation from Reference 5 which is valid to the first 
order for the stepwise quasi-isentropic approach used; 

..!iL _B__ 
T dt Cp dt 

Again using Eouation ( 15i gives 

dT 

dt 

(21} 

(22) 

Equations (2Ql and (22) provide an incremental solution for the pump tube pressure as 
a function of time, when coupled with the solution for compression piston motion. 

4. PRESSURE GRADIENT AND PAYLOAD MOTION 

Equation (2) provides a time history of the space mean static pressure. An expression 
for payload motion, however, requires the pressure at the base of tne shot to be defined. 
Reference 1 covers this pressure gradient computation in some detail. The results of that 
analysis provide 

(23) 

Where Ps is pressure at the projectile and PL is mean chamber pressure. 

Equation (23) is plotted in Figure 5 and dramatically illustrates the advantage of using a 
low molecular weight gas as the driving medium. It is seen that at a velocity of 10,000 fps, 
combustion gases with a molecular weight of 24 are no longer able to deliver energy to the 
accelerating payload. Helium, however, with a molecular weight of 4 is seen to remain 44 

Reference: 
'5. Liepmann, H. W., and Roshko, A.: Elements of Gas Dynamics. Wiley, 1957. 
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Figure 5. Pressure Gradient vs. Flow Velocity 
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percent efficient in it.; ability to deh.1er useful en"!rgy to the ~projectile. At these velocities, 
regardless of the bree"h pressure, a gas with a he~vv mean molecular weight of 24 will reljuire 
virtually all the generated thermal eneryyo to acquire the necessary directed kinetic energy 
to reach payload velocity. The lighter molecular weight gas will require much less of the 
available energy to be accelerated to payload velocity. With this pressure gradient defined, 
the payload motior equations become, then, quite simple :n; an incre nental form: 

(24) 

with 

(25) 

Equations ( 11). ~20). and (24) provide solutions for pressure in the combustion tube, pump 
tube, and payload motion, respectively. A complete solution is possible if the foliowing initial 
conditions are known: volumes, diameters, and weights of projectiles and propellnnts. Addi· 
tionally. initial gas pressurization ar:d sabot release pressure~ must be determined accurately 
because the system performance is el~traordinarily sensitive :10 these two parameters. 

18 



SECTION Ill 

USERS GUIDE 

This section provides a nomenclature table (Table 2). a program listing, and sample input 
and output data so that this computer code can be run as it currently exists or it can be 
modified for other particular applications, such as those discussed in Reference 6. 

An abbreviated f!ow chart is provided in Figure 6 and provides general comment statements 
that may be lacking in the program itself. The program may be run on reasonably small 
computers because core requirements are moderate. Table 3 provides a sample of the necessary 
case input data, and Table 4 is the associated output 

1. INPUT DATA 

The input data for the program are in two mam categories. The first ·goes in only once, 
· and consists of 13 cards containing propellant and light gas data. The second set of data 

consists of case cards; three cards are required per case, ar,d as many case cards may be 
stacked as is desired. The particular data are as follows: 

a. Propellant and light gas data: 

Card 1 contains propellant impetus, specific heat ratio, density, covolume, and type. 

Cards 2 and 3 contain 20 reference pressures fc. r propellant linear burning rates. 

Cards 4 and 5 contain 20 burning rates at the fixed reference pressurt:s. 

Cards 6 and 7 contain 20 fixed propellant gas velocities. 

Cards 8 and 9 contain 20 propellant gas density factors corresponding to mean 
density distribution in systems with the fixed propellant g?s velocities. 

Cards 10 and 11 contain 20 fixed helium gas 'Jelocities. 

Cards 12 and 13 contain 20 system helium density distribution factors corresponding 
to the fixed helium gas velocities. 

b. Case Cards: 

Card 1 consists of the following system ph•tsical property data for the combustion 
chamber. Bore area, chamber volume, piston weight, piston travel, propellant web, heat 
loss f::~ctor, propellant charge, initial helium pressure, piston shot start pressure. 

Rebrence: 
6. Rynearson, R. J.: Optimization of a Two-Stage light Gas Gun. Thesi5, Texas A&M 
University. December 1972. 
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TABLE 2. PROGRAM NOMENCLATURE 

ACEL Acceleration of the piston 

'\LEA Cross-sectional area of barrel . \ 
ALGT Acceleration of the projectile 

AREA Cross-sectional area of pump tube 

BARE Burning area of propellant 

BOIS Piston trai.'Jl 

BE"rA Heat loss coefficient for propellant gas 
I 

1 
I BUS Projcc~ile travel 
I 

I 

I. 

l 

I 

I 

! BLTA Heat loss coefficient for light gas 
j 

j 
j 

I BP Mass of propellant burned 
l 

l 

t 
l 

I 

CHG Initial powder charge weight 

CPEG Projectile base pressure 

CPIC Projectile muzzle velocity 

CPLG Average light gas pressure 

CPRS Average prnpellant gas pressure 

CVL O:lvolume ( TJ) for light gas 

CVOL Powder chamber volume 

DAN Diameter for ball type propellant 

DELTA Time increment 

DFLG · ",:;" factor for light gas 

DIN Propellant grain inside diameter 

i 
DLDT Piston velocity 

. ~ 
J 
f DOT Propellant grain outside diameter 
I 
1 Pressure slope in propellant gas 
l. DPDT 
l 
l 21 
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l 

TABLE 2. CONTINUED 

DPLG Pressure slope in li!]ht gas 

DTDT · Temperature slope in light gas 

EFM Effective or psuedo mass of piston 

FIMP Impetus of propellant 

FPU Fraction of propellant burned 

FVOL "Free" volume of propellant gas 

GAMA Specific heat ratio of propellant combustion gas 

GIN ln1tial powder gas density 

GMLG Specific heat ratio of light gas 

GN Propellant gas density 

GRNS Number of propellant grains 

HCPP Peak pressure in propellant gas 

HGBL Barrel length 

HGID Initial light gas density 

HGIP Initial light gas pressure 

HGIT Initial li~ht gas temperature 

HGIV Initial light gas volume 

HGM Mass of light gas 

- HGSM Weight of projectile 

HLGP Li~ht gas peak pressure 

IPT Identifies propellant type 

I PIT 1.5, empirical correction factor I 
l PFAC '' o" factor for propellant gas 
I 

PLGR Isentropic pressure ratio in light gas l 
.I 

l 22 



PREX 

PAS 

PSL 

PSY 

RFST 

RHO 

RTF 

RUN 

SABPR 

SCPRS 

SHOT 

TIME 

TF 

TLGS 

TYPE 

UBW 

VEE 

VEL1 

VEL2 

VLE 

VLG 

VLGS 

WEB 

WMAL 

WMOL 

X LIN 

TABLE 2. CmJCLUDED 

Piston base pressure 

Array of powdf.r chamber pressures 

<, array for light gas 

.~ array for propellant gas 

Diaphragm burst pressure or projectile release pressure 

Propellant weight density 

Universal gas constant (Units = ft · lbt/lbmole °K) value = 2780 

Pump tube lenglh 

Powder diaphragm burst pressure or piston release pressure 

Initial powder chamber pressure 

Piston mass 

Elapsed time 

Flame temperature of propellant 

Average light gas temperature 

Output array to write propellant name 

Unburned propellant volume 

Velocity array for propellant g3s 

Old piston velocity 

New piston velocity 

Velocity array for light gas 

Projectile velocity 

List gas volume 

Propellant grain thickness 

Light gas molecular weight 

Propellant gas molecular weight 

Length of propellant grain 

23 



TABLE 3. INPUT DATA 

2000. 
40000. 

. -- • 68 

8.3 
2500. 
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Card 2 consists of pump tube physical parameters, which are, in order: sabot start 
pressure, launch barrel length, initial pump tube pressure, payload weight, pump tube volume, 
pump tube initial temperature, launch tube area, and pump tube heat loss. 

Card 3 has a propellant form flag; the number 1 indicates a constant burning surface. 

2. PROGRAM OUTPUT 

The program listing is given in Table 5. The output (Table 4) is for the listed input data 
(Table 3) and corresponds to al" experimental test firing conducted with a light gas gun. The 
correlation of experiment to analysis for both the pump tube and the combustion wbe are 
given in Figures 7 and 8. The time sequenC:ng for the analytic data has been worked backward 
from the experimental 1-1eak pressure because, in practice, the ignition transient is exceptionally 
long. The phenomenally long ignition delay is due to the extremely low propellant loading 
density and attendant required flame spread time at low pressure. Because of the erratic 
combustion properties of gun propellant at very low pressure, this several hundred millisecond 
ignition delay is effectively non-analytic. 

The computer output shows that the program will print data every 800 microseconds until 
the driving piston starts to move, in this case at 900 psi. The program then prints data at 
a rate of every 40 microseconds until the payload sabot is sheared and starts to move. This 
occurs at 5,000 psi light gas pressure, and the final print frequency rate becomes once every 
10 microseconds. 

Figures 7 and 8 present a correlation of experiment and analysis for the comt LJStion side 
and for the pump side, re>pectively. As previously mentioned, time justification .1as been by 
coincident pressure peaking on the pump tube side. 

As is seen. the correlation for both the helium and propellaut chambers is very good; 
however, it is not exact. The pump tube side has a somewhat sharper pressure decay experi­
mentally than is predicted by the analysis, this is doubtless due to heat loss effer:ts or sabot 
friction which is not totally accounted for in the mathematical model. The combustion 
tube pressure rise has an analytical variance from experirr.ental, which is to be ar.ticipated from 
the non-analytic nature of the slew smouldering ignition transient described previously. 
Additionally, at the enJ of the compression stroke, the analysis predicts a slight piessure 
recovery . which has not been seen experimentally. The analytical muzzle velocity prediction 
of 11,360 ft/sec compares with the experimental velocity of 11,210 ft/sec. 

In summation, it can be stated that apparently the mathematical model of the two-stage 
light gas :>ystem is valid for performance prediction. It serves as a useful tool in determining 
required propellant and gas charge loads and in optimizing sabot and piston design shot start 
pressures. Although useful refinements should be readily apparent, the core of the program 
can be easily manipulated to accept more sophisticated modeling, if required. As a heuristic 
design tool, the core program is largely satisfactory. 
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TABLE 5. PROGRAM LISTING 
OtMEN!tO~ PSY(,01,VEE(201 
OIMENSJON PAS(20) 1 AiTEC2~),TYPE(8) 
DIMENSION PAOPF (4 1 3) 
0 I ME"N!JlO N FJiTn 8 1·;nT r1 r:c ...... ,.-,--.F"'I1""T""2Tf3)fl)ATI {,o-------­
DIMENSION PSL(20) 1VLt(20) 
COMMON/ /PCPRS(l00'),PBOIS(1000) 1AUN,PYOP,NPTS 

. "COMMCN/PLTHOR/ S~OT,C~G,WEB,CVOL,lREl 1 VM"- --­
AEA0(4131FIMP1GAMi1AkO,CVL,CTYPE(N),N•l,4J 

3 FORI1ATCF~.t,F8,~,>8,4,F8,2 1 4i2) RUO{I"i<I}PR!"""- ·-·- ---- ----------
4 FOAMAT (UF8.&) 

AEA0(4 1 51AATE 
.. , FOAIUT(lOIF8,31 

REAO (4, 24) VEE 
24 FORMATC10F8 1 1) 

RJ"l'DT4,21flPT¥- --
28 FORI1ATC10F8 0 3) 

REA0(4,24)VLE 
--- AUC (o4,2!!)PSL. 

PIT-1,5 
TAO•GAMA/(GAMA~1.) 

--~e~R"Eni01411TJR£lievo~~T~,~EB,BEfl 1 CHG,SCPRS,SABPR 
7 FORI1AT(F7 1 3 1 F7.3 1 F7 0 3,F7ol 1 F7 0 41F7 0 2,F7.3 1 2F8,1) 

REA0(4 1 1d) RFST 1 HGBL 1 ~G1P,HGSM,HGIV,HGIT 1 ALEA,BLTA --u· 1'"0AMlT(8FU~0) . . -- . . ... ---------- -
REA0(4 1 110) IPT,OAN,OOT,OIN,XLIN,•MOL 

110 FOAMAT(J1,8F10,7) 
----ynTPT;cr.r.~TPr. bl~~·1 

18 NPTS.I 
[1'14•0 
lCEL•0 
VELI•t. --.,: .. ~,~r-: •C!_O_L ____ ------

A At •8 • 
NPTS~I! 

ICUV•' 
BLIB•III o 

MLGP•I 
R"C"Pifir- - ·------
ILF•s 
JI'G•I 
RTF•27Be, 
ICUE••1 
v:.G•I'I. -·-ao;r.-w;- ----------------------
TLl>S•MGIT 
OTOT•0• 
GI1LG•t,87 
GLG•GMLG•lo 
WMAL•4 0 

--··oPLGai!. ---------
GAG•1.•(10/GMLGl 
CPLG•HGJP 
CPEG•CPLG 
TIME•e. 
DEL Thill. Ql001 

----- "Yll>S•R"HV-- -- .. 
HGIO•HGtP•wMAL/(RTr•~GIT•12 1 ) 
HGiiiRHGIO•HG1V 
BP•I. 
1/EL•III. 
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TABLE 5. CONTINUED 
IFCaMOL,LE,0.~) wMOL•24• 
TF•aMOL•'IMP/~TF 
H'•TF 
GIN•SCPRS•WM0LI(RT,•TF•12.) 
FVOL•CVOL-(CMG/RHO) 
GO TO Ct2~ 1 12~t12~t123,123),IPT 

12~ I;PU•III. 
RT•0. 
BARI•~.•CMG/{RMOowE8' 
GO TO 1~111 

-ri3 A0TaDOT•nOTo3 0 iAt714, 
A!N•OINeOIN•3.1417/4, 
%FCtPT.ED 0 4) A!Na7,0•A!N 
lFtiPT.£Q.,l AIN•19,111•AI~ 
A!FUOT-AIN 

. GRNS•CHGI(AEF•WL!N•R~n) 
--GO TO 13P . .. ··-

125 BAREa2.•CMGI(RMO•wE'B) 
U0 WRITE (!1 1 !1) 
. 8 FORMAT(lH1 1 &1~ S~OT wT, CHARGE 

180RE ARI!.A/1) 
WRITEC!!,9)SHOT 1 CHG,wf8,RUN,CVOL,AREA 

WE8 B,LENGTH 

----;- FORMAT rF! 0 ~ 2, F 1'0~3, F! 1.!, 4, Fl 13 ;li'F U~-z-;n-u;~/l7J' ... 
IIR!Tf(8 1 2Sl) 

29 FORMAT(2AH LIGHT GAS GUN OAT& ,60H SHOT HEIGHT 
tCHB VOL. BORE ARfA HEAT LOSS) 

WRITE(8 1 25) HGSM 1 HG8L 1 HGIV 1 ALtA 1 8LTA 
23 FORMAT(27X 1 F1t.5 1 F1t,2 1 Ftt.2,F12,~ 1 Ft2,2) 

-- OATACf)aliMOL. -----··- --·-- ---·-·· 
0At'A(2)•XLIN 
DATACJ)aOOT 
DATA t4) •Dit.l 
WR!TEC8 1 30)WMOL,8ETA,(TYPE(N) 1 N•t,4) 

CH8 VOL 

JP FORMATCI/21H MOLECULAR WEIGHT • 1 F5,1,~3H HEAT LOSS FACTO» T_S 1 
--~ F'!f. 2, Jl!H · PROPEL L 'Nr--urrtr IN ·TtSTE'If'TS' 74l2TTJ -·--

Go TO C3J,33,J5,37,6S),IPT 
31 WR%Tf(8,32) 

·3:7 fi'ORI'<ATC51!14 
tCE/1) 
. :'0 TO 60 

--~~ 'i lfT!'f!, Hl 
~ 1 ·ORM.tTC•7H 

GO TO IH'I 
-·33 WRtTE(6,36) 

38 F0R"AT(3511 
GO TO 601 

PROPELLANT FORM IS DETERRED SINGLE PERFORATE//) 

PROPELLANT FORM IS DETERRED BALL/I) 

~ ~lTF\'31"'381 .. - - ... 
38 F0R"AT(A111 PROP€LLAN7 FOR~ IS OETERREO SEVEN PEHFORATE //) 

GO TO 50 
6t WR!TI!(~,t'lc) 
62 FOAMGIT(49!o! 
68 IIR%T!(!!,95) 

PRCPELLjNT FORM !S OETERREO NINETEEN PERFORATE//) 

-vs FOR !II n 2Y; ll~'* ** •.: ... ., . .., ; rwr,,.!fr'"-'P"RUITElUWT~. nn;TJ'FI"i* • • * ... • -
1•••••,5Wr13H•••••••••••••,tAX,l4MLlGHT GAS S!OE,10X,10H••••••••••) 

wRITE ce, P&) 
ge FOR!IAT(8V,4HTIME,4X,tAHCHAM8 PRE~,4X 1 6HTRAVEL,4X,ttHPROP BUR~E0,13. 

tHPRES SLOPE 1 3X 1 17~VfLOClTY••C8 PRES,3X 1 8HVELOCITY,4X 1 6HTRAVEL,5X,7 
2H8S PRESo6X 1 4HTEMP) 

8P•IIl.lll 
VEL2•0. 
8DIS•e.e 
PTOP•3PJ011. 
CPRS•SCPRS 
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TABLE 5. CONTINUED 
GAMBa(t,•BETA]+(CA~A•t,) 
00 39 J•t,JV,.Q!.l 
IFCB~IS,GE,MC8~) GO TO JQ 
GO TO (74 1 135 1 74 1 t34,t34l,IPT 

-~~4 t'CRAT•~£6) t3!r,74,74 .. -- . 
135 RATall+,l!lii'Q!~5 

OIN•OIN+IUT 
XLIN•XLJN•I:UT 
AIN•OIN+niN+3,14t714, 
&U•OJN+3,1417 

---Ii'HPf,N£,4) GO ·to i32 
AIN•7 ,Ill+ AIN 
Afl(a7,1!1+&IX 
GO TO Uti 

132 IFCIPT,Nf,S)GO TO tJe 
&IN•t9,0UIN 

---nx-•1~~ T• u ;;·-· 
136 &EF•AOT•AlN 

8AqfaGRNS+C2,+AEF+XLlN+AIXl 
.. , 4 JA•1 

IFCCPRS,~T.J~P,0) GO TO 16 
78 IFCCPRS·PRS(JA))77,76,75 

----n-·.rhJI.+f -
GO TO 78 

78 RaFUTECJA) 
GO TO 10 

77 OIT•PRS(JA)•PRS(JA•ll 
OAT•RATf(JA)•RATE(JA•l) 
P1 (fitCPRS·P·R~ffJ-A•f)- . -··-·-· ·----··---·---· .. --
DIM•CCPIGIDlT)•O•Tl 
R•RATE(JA•l)+Ol~ 

i111 I<G•l 
IFCYLG,LToVLECtll GO TO 93 

9t lFCvlECKG)•V~Gl92,93J94 -n-1\lJiil:!r+l -. . . ... . . ... . -·- ------------·----- -------·----

GO 'i'O 91 
93 OF~GaPSLtKG) 

GO TO 9CI 
94 HlG•CVLG•VLECK~·1))/CVLECKG)~VLECKG•1)) 

OFL~•(PSLt~G)•PSL(KG•lll+HIG+PSLCKG•I) 
-gtn:l'HlT'!~UE- --·- ------·---·--- ----

IFCBP•CHG) 11,81!1,8' 
8• OHorae 

GO TO 12 
11 tF ClPT,NE,3) GO TO 141!1 

IFCAT•OAN) 14~•145,t5A 
. ·1 ii,--RiifR 11. Sri IT~• C,lf+RTTO.IHITT-. 

FITaR.hR+OEL T A 
1511' 1F(F~Y•,9) 155,1~5,140 
1~5 8A~EaBAFit•Cl,•(fPU++l,7f) 
14~ C~OTmRaRHOwSARE 

BP•BP+(DNOT•DELTA) 
11 ~tl'l'~1.T. tP!fSY-IfCP'P•!'~~ 
J,CJFG.GT,t) GO TO 12 
tFCCPRS.-T,SABPR) GO TO 54 
OE~Ua,0PIII01l1!5 
JFG•S 

12 VEL.1•VEL2 ·- YEr.:u•-esrvn:n·----------
RTM•CVEL.2•vE~2li!GAMA•32,t7•'IMP•PIT•T,,xrF) 
ROOTa1,/(1,+(((GAMA•1,)/2,)+RTM)) 
TUT•AOOT*+TAD 
PREUCPAS•TUT 

34 

I 



I 
1 

l --

TABLE 5. CONTINUED 

1(0•1 
~~ IFCvEE(Kn)-vEL2l~t,52,53 
51 KOU0+1 

GO TO 5il 
·~· ~ PF AC•PSY tKO) 

GO TO 59 
53 HAG•tVEL2•VEE(KO•t))/(VEECKO)•VEE(KO•t)) 

PFAC•CCPSY{KO)•PSY(KO•t))•HAG)•PSY(K0•1) 
59 EFM• (SHOT+ (CHG/PF AC)) /32 0 t7 

PAQUPAn 
IFCV£L2,LT,il,) PROX•CPRS 
ACfL•(PROX•CPLG)•AREA•J2.t7/SHOT 
VEL2•VEL1+(ACEL•0ELTA) 
ACOL•(AC!L•DELTA)/2, 
8INC•CVfll•OELTA)+(ACOL•DELTA) 
BOIS•BOIS+C8tNC•12.) 

----r! h0L•CVOL+CBDI5•AREA). 
IFCILf•Jl 22,22,20 

22 IF(RFST•CPLG) 19,19,23 
U ILF•5 
2il ALGT•CPEG•J2.17•ALEA/HGSM 

VLGI•VLG 
VLG•YLG+CALGhOEL TA~ - ------·· .. 
BLIC•CVLG•OELTA)+(ALGT•OELTA•DELTA/2 0 ) 

BLIS•BLIS+8LIC•12, 
23 TLGS• TLGS+OTOT • DELTA 
tl! 0LOT•VEL2 

GLEX••GMI..G/GLli 
P1.GBil1, + fGLG•VLG•VLG.tW11I-cl{U~ 3*1"(!l9iiR'rFiGHLG)) 
Pi.,GhPI.GBuGL.EX 
CP!GaCPLG•PI..GR 
XLGS•~GI~+CBLIS•ALEA)·CBDIS•AREA) 
YLGS•XI..GS•CVI..•HGM/3 0 

IFCOFI.G,EQ,0,) PHGM•0, 
TF COF1,;1i~Til~0~T c-o- Tl1-~- ----~- -~--- -~--- - ···-
PHGM•HGM/(OFLG•J2,17) 

28 CONTINUE 
PLGA•t2,•CPI.G•AREA•YEL2/YLG5 
EFGL•(PHGM+(HGSM/J2,17))•CBI.TA+l,) 
PI.GB•12,•CPI.G•ALEA•VLG/YLG5 

--JIL G c-•1 r. *E'F'l>L•-vt:r.Al 1i T • G L G IV 10 G S 
PLG0•12,•HGM•AYf•OTDT/CGLG•VLGSqW~AL) 
OPLG•PLGA•PI.GB•PLGC+PI.GO 
DTOTa 'l'lGS it OPI.G ·;,GAGICPLG·­
IFCILF•J) 54,54 1 56 

54 KUE,KUE+t 
--·-nrncur.t:n-.41 GO TO llr­

GO TO 57 
6!1 )(1Jf•0 

--,~ CONTJNUE 
ICUV•KUY+1 
IF(ICUV ,2) GO TO 57 

-- "KIJ9io~ . -------- ·--· --------------
WRITE(8,99) TIM~ 1 CPR!,BOIS,FPU,OPOT,OI.OT,CPlG 1 VI.G 1 8LlS,CPEG,TI.GS 

gg FOR~AT(Fl2.7 1 Fl2 0 1 1 F12.J,F12.4,7Ftt.2) 
- 57 CONTINUE . .. . .. -

IF(HLGP 0 LT 0 CPI.G) HLGP•CPI.G 
CPLG•CPI.G+(OPLG•OEI.T•) 

-- DJ:D'riVEL2-- ~ ---
UBM•CCMG•BPl/RHO 
COVI.•CYLei!P 
GA~Y•GAMB 
IFCACEL,LT,0.) GAMV•0. 
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TABLE 5. CONCLUDED 

0POT•((0NOT•FI~P•t2,)•((GAMV•EFM•ACEL•VEL2*12,)+(ANEA•CPRS+VELt+12 
1,)))/(AVOL•(UBW+COVL)) . . . 
OOPE•J 
TIIIEoTIME+OEL TA 

"Fou•SPICiiG . ---~-----------·-···-· 

I,(CPRS,GT,PTOP) PTOPeCPRS 
G~e(GIN•fVOL+BP) I (AVOL•(U8W+COVL)) 
TF•CPRS+WII0LI(GN•RTF•t2,] . 
CPRS•CPR~+(OPOT•OELTAl 
I,(CPLG,GE,0,) GO TO 39 

--.. GBLiBl.JS .. . . . .. · - · ·· ----··---------------
ljRITI!:(tl,.tlt) BUS 

41 FOR14ATCI/47M CASE TERMI~ATEO AS f"UIMUM VELOCITY REACHED A!_,~~·~• ..... 
117H INCHES OF TRAVEL///) 

39 CONTINUE 
79 CONTINUE 

--CJfiT"iTIU.:ts-;;;"MGBI..lTMG"Sl"-·--·------·-·--------·---· 
CPIC•(VLG•VLGI,+CNIT+VLG 
wRITf(B,tttl CPIC 

·nl FORMATCI//U~,3314 LIGHT liAS GUN 14UZZLE'"VELOCIT't' IS,F'8,1,~HFT/SEC")···­

WRITEC61t12) MLGP 
I 12 :~;;:HH~j}ti~~~;M.:r_ G_•~-~~~~P_R_E_ssuR_~_~, F8 .1, 4H PS n'--------
113 FORIIATCl~X,J2HCOMPUSTIO~ SIDE PEAK PRESSURE IS,F8,t,4H PSI) 

Go TO 15 
END 
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Figure 7. Combustion Tube Pressure- Firing No.4 
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Figure 8. Pump Tube Pressure · Firing No. 4 
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. -~ .... ..: ...... -----

IIQ USAF (SA,\IIU) 
I!Q USAF/ S:\,\1 I 
AFSC (ULT\q 
AF SC (SDI\~:) 

ASD tE:-;YS) 
FTU (I'UX:\) 
:\F~IL ( L:-;1') 
T:\C (DIU.-~!) 

TAC (D~INI) 

1\'R.-\.\L-\ 0L'IEBL) 
AEDC (AHO, I ~C) 
AUL (AUL-LES-70-239) 
Cll Rt;U, :\'IT:-;: CIWAN 
REDSTO:-;E SCI l~FO CTR 

I~IT!AL UlSl~lBUT!ON 

1 
I 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
2 

USA \\'P~S COMO A'lTN: ,\,\ISivEHEiv 1 
,\R,\IY ~IATRL SYS A:\ALYS AGCY, Al'IXRD-AA 1 
USA ABERUEE~ R&D CTR, i'u'IXRD- BTL 2 
F R:\NKFORD ARS, A'rfN: LIB 1 
PICATI~:-;y ARS ATTN: S·IUPA-1{!-S 1 
NAV AIR SYS GID, CODE AIR 3508 2 
US:\ li'PNS LAB Cf)DE TR 1 
USN ORD L\B (CODE 730) 2 
;.;,w ORD STN, TECH LIB 1 
NAV SYS CEN, NElvPRT LAB 1 
USNWC (CODE 753) 2 
US~'iC (CODE 4585) 
US~ \'iPNS EVAL FAC CODE \vE 
57 FTR l\PN \\G (F\~OA) 
IJFF Cll NAV OPNS 
USN RSCH LAB CODE 2027 
LOS ALAMOS SCI LAB 
BATTELLE ~IDI INST 
INST FGR DEF ANALYSES 
SANDIA CORP 
R.<\:-;D CORP 
USAFTFIVC (CRDC) 
IL-\.~RY DIAI\IOND LAB 
DDC 
TAWC-AY 
DL 
DLB 
DLOSL 
DLY 
DLR 
WE 
ASD (YHI) 
DLDG 
DLDL 
TRADOC:/ADTC/DO 

1 
1 
1 
1 
1 
1 
1 
1 

l 
1 
1 
2 
1 
1 
1 
2 
2 
1 
1 

10 
1() 
30 
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